We report petrographic descriptions, modal mineralogy estimates and major and trace element analyses of whole-rocks and minerals for 36 spinel and garnet-spinel peridotites from the UltenNonsberg Zone (UNZ) in the Eastern Alps in Italy. We seek to constrain the origin and evolution of their source region in the mantle using a comprehensive geochemical dataset on representative, large, modally homogeneous samples from six UNZ sites. This complements earlier work on metamorphism, exhumation history and trace element residence. The samples range from coarse-to dominant fine-grained peridotites affected by syn-tectonic recrystallization and formation of amphibole 6 chlorite as well as late-stage alteration (loss on ignition from 0Á3 to 8Á6 wt %). The UNZ rocks show a rather limited major oxide range (e.g. 1Á8-2Á8 wt % Al 2 O 3 in $80% of the samples) and include neither very fertile nor highly refractory peridotites. Their range and average composition are distinct from those in several massifs from the western Alps, further indicating that the mantle beneath the Alps is heterogeneous, consistent with the tectonically active, plate boundary setting in which mantle domains of different origins may be juxtaposed. Comparison of the Al-Fe-Mg relationships in the UNZ peridotites with experimental data on melting of fertile mantle, together with modelling of REE contents in bulk-rocks, indicates that their mantle protoliths were formed by $10-20% polybaric melting in upwelling mantle that began at 2-4 GPa and ended close to the surface, possibly in an oceanic setting. The melting may have started in the presence of garnet, but mainly proceeded in the spinel stability field. Many UNZ peridotites are enriched in silica relative to continental off-craton xenoliths and experimental dry melting trends at similar Al 2 O 3 and MgO. These enrichments are similar to those observed in suprasubduction-zone peridotites, suggesting their potential origin and/or evolution in a subduction-related setting. Modal and cryptic metasomatism is widespread in the UNZ suite, with a broad range of enrichments in incompatible trace elements. It took place mainly in the mantle wedge above a subduction zone, consistent with low high field strength elements and high light rare earth elements, Th, U, Ba and Pb, and probably incorporated slab components. Amphibole is the major host of highly incompatible trace elements whereas garnet, texturally equilibrated with the amphibole, hosts much of heavy rare earth elements and Zr and shows broad grain-to-grain variations of these elements consistent with its growth during tectonic recrystallization and hydrous modal metasomatism.
INTRODUCTION
Samples of generally inaccessible continental lithospheric mantle (CLM) can occur either as xenoliths in intra-plate volcanic rocks or as tectonically emplaced peridotite massifs in orogenic zones. These two types of mantle materials may come from different tectonic settings and are unevenly affected on their way to the surface. A particular problem with many peridotite massifs is that they experience metamorphism, stress and alteration during their tectonic emplacement into the crust, which partially obliterate the mineralogical and chemical record of mantle events. A combination of data on both types of mantle samples may provide better insights into the structure and composition of the CLM.
Here we report an extensive set of petrological and geochemical data for tectonic peridotites from the Eastern Alps in Italy and examine these results in the light of experimental melting data as well as published and new petrological and geochemical data on a suite of intra-plate peridotite xenoliths from Mongolia. Because the latter are fresh and show a broad range of compositions owing to different degrees of melt extraction from fertile mantle without significant metasomatic overprints (Ionov, 2007; Ionov & Hofmann, 2007) , they may allow better understanding of the mantle history of the Alpine peridotites.
Few geochemical and petrological data on mantle peridotites from the Eastern Alps has been reported in the literature, in particular compared with the much better studied massifs of the Ivrea Zone of the western Alps (e.g. Shervais & Mukasa, 1991; Hartmann & Wedepohl, 1993; Zanetti et al., 1999; Mazzucchelli et al., 2010) . This may be due to the small size and strong metamorphism and alteration of the peridotite bodies in the Eastern Alps, whereas the Ivrea Zone massifs are large and generally fresh. Yet the peridotites from the Eastern Alps may have come from a distinct mantle source and followed a different evolution path than those in the west, and thus are essential to provide a broader picture of the structure, composition and history of the mantle beneath the whole of the Alps, and more generally, central Europe. In particular, by contrast to peridotites from the Ivrea Zone, some of them contain garnet, and hence are likely to derive from deeper levels in the mantle.
We report on a suite of peridotites from the UltenNonsberg Zone (UNZ) in the Eastern Alps (Braga & Bargossi, 2014) , providing petrographic descriptions, modal estimates, and major and trace element analyses of whole-rocks and minerals for 36 peridotites. The number of samples in this study is much greater than in earlier work, allowing more representative and detailed sampling of the peridotites in the area. Further, this is the first study that reports an exhaustive set of both petrological and geochemical data for UNZ peridotites, whereas earlier work is based on smaller collections and usually focuses either on residence of trace elements in the rocks or on petrological aspects of the massifs such as P-T conditions, metamorphism and exhumation history. In contrast, in this study we sought to look through the veil of the late-stage phenomena to gain a better insight into the initial formation and evolution of the UNZ peridotites in the mantle.
Our goal is to shed more light on the origin, formation and evolution of the lithospheric mantle beneath the Alps. Its specific objectives are to (1) provide a comprehensive set of state-of-the-art chemical and petrological data for UNZ peridotites, (2) constrain their origin in the mantle, in particular tectonic setting and conditions of partial melting and metasomatism, and (3) outline any chemical effects during their transport to the surface.
GEOLOGICAL SETTING AND PREVIOUS STUDIES
The Ulten-Nonsberg zone in the eastern Italian Alps (northwestern Trentino Alto Adige) (Fig. 1a) is a tectonic unit in the upper Austroalpine system (Tonale nappe) (Thö ni, 1981) . The zone is a nappe pile of Cretaceous age consisting of metasedimentary cover and crustal domains derived from the Mesozoic passive margin of the Adria microplate (Dal Piaz, 1993) . The UNZ is viewed as a section of the lower crust of the Central European Variscan belt bounded by Alpine faults (Fig. 1) . It is mainly composed of pre-Alpine high-grade paragneisses, with mineral assemblages and fabrics weakly affected by Alpine metamorphism (Godard et al., 1996; Martin et al., 1998) . The dominant rocks in the UNZ are high-pressure (high-P) garnet-kyanite gneisses, with subordinate metagranitoids, small pods of eclogitic metabasites, Variscan migmatites (e.g. Del Moro et al., 1999) and small (metres, rarely tens of metres) lenses of peridotite. Obata & Morten (1987) proposed a petrographic classification for the UNZ peridotites (largely followed in later work), which takes into account their grain size, depth facies (spinel or garnet) and metamorphic assemblages. They divided the ultramafic UNZ rocks into 'fine' and 'coarse' textural types and argued that the fine-grained peridotites (usually containing garnet) formed from coarse spinel peridotites via syn-tectonic recrystallization accompanied by formation of amphibole 6 chlorite (Obata & Morten, 1987; Morten & Trommsdorff, 2003) . Nimis & Morten (2000) further constrained the P-T evolution of the UNZ peridotites and inferred that they originated as mantle-wedge materials overlying a subducting continental slab and record a metamorphic history from high-temperature (high-T), moderate-P, spinel-facies to low-T, high-P, garnet-facies conditions. Obata & Morten (1987) reported whole-rock (WR) major oxide analyses for nine UNZ peridotites. Trace element analyses were later provided for some of the same WR samples and for their constituent minerals (Morten & Obata, 1990; Rampone & Morten, 2001; Scambelluri et al., 2006; Sapienza et al., 2009) as well as for some metasomatic UNZ rocks (Marocchi et al., 2007 (Marocchi et al., , 2010 . In addition, WR data for another seven UNZ peridotites at or close to contacts with host gneisses were reported by Tumiati et al. (2007) .
The ultramafic UNZ rocks and related crustal migmatites yield essentially the same Sm-Nd garnet-WR and garnet-clinopyroxene isochron ages (330 6 6 Ma) and zircon U-Pb ages (333 6 2 Ma), suggesting that the metamorphic peak (garnet formation), metasomatism and migmatization events could be nearly simultaneous (Tumiati et al., 2003) . Older U-Th-Pb ages on monazite (351-343 Ma) and Sm-Nd internal isochron ages ($390 Ma, Del Moro et al., 1999) may date a prograde stage of the Variscan metamorphism (Langone et al., 2011) .
In summary, the petrography, mineral chemistry, metamorphism and the P-T history of the UNZ suite have been relatively well studied (Braga & Bargossi, 2014) , but important chemical and modal data are either absent or insufficient in the international literature, in particular, bulk-rock chemical analyses. Further, the chemical data have been mainly used to examine presumably subduction-related metasomatic and metamorphic evolution from mantle to crustal settings, with little attention paid to the origin of the initial mantle protolith of the UNZ ultramafic series. The latter is the main topic of this study.
SAMPLE SELECTION AND PREPARATION
The samples in this study are listed in Table 1 . They were collected in an area of about 8 km by 4 km at 2000-2200 m altitude along the Maddalene mountain ridge between the Ulten valley and the upper Non valley (Fig.  1b) . The samples come from four groups of small (metres to tens of metres) peridotite outcrops: Samerberg (labelled SAM) in the northern part of the area, Seefeld on the Ulten slope of the Maddalene (labelled U), Lake Poinella (LP) and Lavazze (LV) uphill from the Lavazze stream, a tributary of river Non. Eight relatively small (0Á1-0Á3 kg) samples were collected in 2013 at Samerberg and at lakes Seefeld and Poinella (those from the latter two sites are labelled ULT). Another 28 specimens (weighing 0Á3-2 kg each) were collected in 2014 at the U, LP and LV sites to provide a representative sampling of the main peridotite types occurring at each outcrop. The largest number of samples from a single site (U1 to U16) is from a series of three cliff outcrops west of lake Seefeld extending for $200 m.
The specimens were first sliced with a rock saw. To select the material for WR analysis the sawn surfaces were inspected under a binocular microscope and cleaned by abrasion on an alumina disk if they contained any metal from the saw blades. We selected rock sections with homogeneous modal compositions, minimal alteration and no veins. Peridotites containing macroscopically visible modal gradations, centimetrescale patches or bands enriched in garnet, pyroxenes or amphibole were rejected. The smallest WR samples in this study (fine-grained peridotite) have a weight of 80-120 g (after sawing and cleaning); much larger samples were taken from coarse-grained rocks. The weight of the WR samples is given in Table 1 . The WR material was crushed to <5-10 mm in a steel jaw crusher, which was carefully cleaned after each sample. Splits of crushed samples (50-100 g) were ground in agate to a fine powder. Minerals were handpicked from sieved 0Á5-1Á0 mm size fractions of the remaining crushed material to produce grain mounts (polished 25 mm epoxy disks) for micro-beam analysis.
ANALYTICAL METHODS
The abundances of major and minor elements in the WR samples were determined by wavelengthdispersive (WD) X-ray fluorescence (XRF) spectrometry at J. Gutenberg University, Mainz. The rock powders were first ignited for !3 h at 1000 C to turn all FeO into Fe 2 O 3 and expel volatiles. Glass beads, produced by fusing 1 g of ignited powder with 5 g of dried LiB 4 O 7 (1:6 dilution) were analysed on a Philips MagiX Pro X-ray sequential spectrometer using ultramafic and mafic reference samples as external standards. Reference samples JP-1 and UBN were analysed as unknowns to control accuracy, with results close to recommended values ( Table 2 ). The technique was earlier shown to yield improved accuracy and precision compared with conventional XRF analyses of the same samples, judging from reproducibility of duplicates, analyses of reference materials as unknowns and less scatter on element covariation plots (Ionov et al., 2005; Ionov, 2007; Ionov & Hofmann, 2007) .
Major element compositions of minerals were obtained by WD electron probe micro-analysis (EPMA) at Service Microsonde Sud, Université de Montpellier (UM) on a Cameca SX-100 using 15 kV voltage, 15 nA current and counting times of 20-60 s for peaks and background; standards were natural and synthetic minerals. Concentrations were obtained from raw intensities using the 'X-PHI' quantification procedure (Merlet, 1994) . The minerals were mainly analysed in grain mounts. Only a small number was analysed in thin section to evaluate heterogeneities and zoning of mineral grains.
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(ICP-MS) at UM following a modified method of Ionov et al. (1992 (Pearce et al., 1997) . Data reduction was done with the GLITTER software.
A complete set of analytical data for the samples in this study and reference materials is provided in a Supplementary Data Appendix available for downloading at http://www.petrology.oxfordjournals.org.
PETROGRAPHY
Photomicrographs of representative rocks are given in Figs 2 and 3. Figure 2 showing $4 cm Â 2 cm sections demonstrates the microstructures of the peridotites (Mercier & Nicolas, 1975) and the range of metamorphism and alteration degrees; small-scale textural features are shown in Fig. 3 . Modal abundances estimated from major oxide compositions of bulk-rocks and minerals with a least-squares method are given in Table 1 .
We divide our samples into coarse and fine textural types after Obata & Morten (1987) . The coarse-type rocks consist of large (typically 2-6 mm, rarely up to 
LOI, loss on ignition (3 h at 1000 C) in wt %. Av., average major oxide composition of the UNZ peridotites in this study. RV, recommended values for reference samples UBN and JP-1. 15 mm) olivine (ol) and orthopyroxene (opx) and smaller clinopyroxene (cpx) and spinel (sp). Their microstructures are either protogranular (Fig. 2a) , with common vermicular intergrowths of spinel with pyroxenes ( Fig. 3a) and fine exsolution lamellae of cpx in opx, or porphyroclastic, with fractured and flattened coarse olivine and opx (Fig. 2b ) that commonly show undulose extinction, kink banding and other indices of strong deformation as well as less common neoblasts of olivine and amphibole. The fine-type peridotites typically have a grain size of 0Á2-1 mm and show various mosaic microstructures: equigranular ( Fig. 3c and d) , tabular ( Fig. 2d ), and porphyroblastic with coarse garnet (Fig.  2c) or amphibole (Fig. 3f) or both (Fig. 3d) .
More than half the samples in this study contain garnet. The modal abundances of garnet typically range from 0Á3 to $3%, but are as high as 8-10% in two samples (Table 1 ). In the samples with the lowest modal garnet, it forms either rims around spinel or small neoblasts. Large garnet grains always contain spinel inclusions (Figs 2c and 3e) or form vermicular intergrowths with spinel ( Fig. 3b) . Thus, all the garnet-bearing samples in this study belong to the garnet-spinel, rather than garnet, mineralogical (depth) facies, consistent with a broad P-T range inferred for coexisting garnet and spinel by thermodynamic modelling (Ziberna et al., 2013) . Garnet also forms lamellae in coarse cpx (Fig. 3b) consistent with cooling at high P.
Nearly all the peridotites in this study show 'hydrous' metasomatism and/or metamorphic reactions, mainly involving formation of amphibole, less commonly chlorite. The amphibole primarily replaces cpx (see Fig.   LP6 LP7 2a and b) as well as garnet and opx. The increase in modal amphibole is accompanied by progressive decrease and disappearance of cpx and garnet to produce ol þ am 6 opx 6 sp rocks (Obata & Morten, 1987) . The rare cpx-bearing samples usually show only corroded cpx relics (Fig. 3c) . Because of common and extensive replacement of pyroxenes by amphibole, the terms lherzolite and harzburgite, as defined by Streckeisen (1976) , cannot be correctly applied to most samples in our suite. Amphibole occurs both in coarse-type, most often in porphyroclastic peridotites where it partially or completely replaces cpx (Fig. 2b) , and in fine-type rocks where it shows a broad range of size, shape and texture, from reaction rims on pyroxenes and garnet to texturally equilibrated neoblasts ( Fig. 3c and d) or porphyroblasts ( Fig. 3e and f) to amphibole-rich zones in strongly metasomatized peridotites ( Fig. 2e and f) .
Many UNZ peridotites contain microcrystalline or opaque late-stage materials, commonly as networks of thin crosscutting veins ( Fig. 2g and h ), which we attribute to alteration during emplacement in the shallow crust by fluids usually propagating in fractures. The most common alteration products are microcrystalline chlorite (by contrast to subhedral texturally equilibrated chlorite crystals formed during the last stages of metamorphism), serpentine and black iron oxides (the latter are not transparent by contrast to primary spinel that is dark brown in thin section). We identify three alteration degrees in our samples (Table 1) Our sample suite does not show clear relations of the depth facies (sp vs gr-sp) and degree of metamorphism or metasomatism to the textural types (coarse or fine). For instance, both fine-and coarse-type peridotites may contain garnet and have similar amphibole contents (Table 1 ). In contrast, strong alteration is much more common in fine-type peridotites apparently because deformation, ultimately responsible for the transformation of coarse-to fine-type rocks, favours fluid circulation.
Only six samples out of 36 in this study belong to the coarse type (Table 1) ; half of them contain garnet. One coarse spinel peridotite (LP6, Fig. 2a ) has a protogranular microstructure; the other five are coarseporphyroclastic. The majority of the coarse peridotites come from the Lake Poinella (LP) site where the coarsetype sporadically occurs in more common, fine-type matrices. This is consistent with earlier work that established that the fine-type rocks are dominant in the ultramafic bodies in the UNZ (Obata & Morten, 1987) .
ANALYTICAL RESULTS

Whole-rock major element compositions
Whole-rock compositions determined by XRF and loss on ignition (LOI) data for 36 UNZ peridotites are given in Table 2 (and in the Supplementary Data Appendix) and illustrated in Fig. 4 . The LOI values range from 0Á3 to 8Á6 wt % in line with alteration degrees from thin section observations (Table 1) ; LOI also varies broadly at single sites; for example, 1Á0-8Á6 wt % at U1-U16 (the site with the largest number of samples). In this study we provide XRF data for the 'devolatilized' WR powders (ignited for 3 h at 1000 C before the analysis to expel volatiles and convert all iron to Fe 2 O 3 ), with Fe 2 O 3 recalculated to FeO because the latter is the prevalent form of iron in mantle peridotites.
The WR compositions of the nine UNZ peridotites reported by Obata & Morten (1987) show more scatter on oxide co-variation diagrams than the samples in this study (Fig. 4) , despite their smaller number (nine vs 36). Importantly, the contents of Al 2 O 3 reported by Obata & Morten (1987) for three out of nine samples (3Á73-4Á26 wt %) are higher than the highest Al 2 O 3 found in the 36 samples from this study (3Á23 wt %). We attribute this to the low precision of the wet chemical analyses in the earlier work, and possibly to the presence of veins (carefully avoided in this work) enriched in Al-rich garnet and amphibole in their samples, and thus only rarely use their analyses in data presentation and discussion below.
The compositions of the UNZ peridotites are compared here with those for two suites of large and fresh peridotite xenoliths in late Cenozoic alkali basalts from the Tariat region in central Mongolia: those from the Shavaryn eruption centre [showing a continuous range from very fertile to highly refractory compositions (Ionov & Hofmann, 2007) ] and those from the nearby Shava and Zala eruption centres (Ionov, 2007) that are mainly fertile. The two suites show no, or very limited, modal and chemical metasomatism or alteration.
The content of Al 2 O 3 , which is viewed as a robust index of melt extraction from fertile mantle during partial melting (e.g. Pearson et al., 2003; Ionov & Hofmann, 2007) , ranges from 1Á0 to 3Á2 wt %, with a more narrow range of 1Á8-2Á8 wt % in 29 samples out of 36 (four-fifths of the total) ( (Fig. 4) , or highly refractory (<1 wt % Al 2 O 3 ) rocks. Several major (CaO, MgO) and minor (NiO, TiO 2 ) oxides are correlated with Al 2 O 3 , as is common for peridotite series that experienced melt extraction, like those from Tariat. On the other hand, the UNZ suite contains samples that show notably higher SiO 2 , CaO and FeO and lower Na 2 O and TiO 2 at similar Al 2 O 3 compared to the intra-plate Tariat mantle or experimental melt extraction residues (Fig. 4) .
Mineral major element compositions
Representative compositions of minerals in the main petrographic rock types are given in Table 3 . Average mineral compositions for each sample are given in the Supplementary Data Appendix; average values of Mg# Ol (Mg# in olivine) are also listed in Table 1 . The Mg# of olivine (a major host of Mg in the rocks) and Mg# WR show similar values and a good linear correlation (Fig. 5a) ; the coherence of these independent analyses attests to the accuracy of both mineral and WR major oxide data. The garnets show a narrow composition range, with 1-2 wt % Cr 2 O 3 and 5Á6-6Á2 wt % CaO in nearly all the 21 samples where they have been found (Fig. 5b) ; these values are generally higher than in garnets from fertile off-craton peridotite xenoliths in Siberia, Mongolia and China (Fan & Hooper, 1989; Ionov et al., 1998; Ionov, 2004) . The Ca and Cr contents are positively correlated with each other (Fig. 5b) , as is common for mantle garnets, but show no correlations with Mg, Fe and Al. Because the pyroxenes, in particular cpx, and spinel are present in only a few samples, usually as small relic grains, it is not clear if they are in . Co-variation plots of major (a-d) and minor (e-h) oxides vs Al 2 O 3 (wt %) in bulk-rock peridotites from this study; symbols for the sampling sites are shown in (a). Also shown are UNZ peridotites reported by Obata & Morten (1987) recalculated to 100% anhydrous [see (b) for symbols], field (dark grey) of subduction-related harzburgite xenoliths from the Avacha volcano in Kamchatka (Ionov, 2010) , primitive mantle (PM) estimate after McDonough & Sun (1995) , and spinel peridotite xenoliths in basalts from Tariat in central Mongolia (Ionov, 2007; Ionov & Hofmann, 2007) . Black dashed lines in (d)-(g) show linear correlations for the Tariat peridotites; r 2 values are correlation coefficients. Dotted blue lines in (a)-(c) show isobaric melting residues of fertile lherzolite at 1-7 GPa; continuous red lines are residues of polybaric decompression melting at 3-0, 5-1 and 7-2 GPa (Herzberg, 2004) . The UNZ peridotites are generally less fertile than those from the intra-plate Tariat suite but less refractory than those from the Kamchatka arc. The trends defined by many UNZ peridotites are consistent with an origin as low-pressure (1-3 GPa) residues of 10-25% melt extraction. High SiO 2 and FeO relative to the melting trends in some UNZ peridotites may be due to the effects of melting under water-rich conditions or from 'hybrid' pyroxene-enriched sources (Bé nard et al., 2017), and/or post-melting metasomatic enrichments in silica and iron. chemical equilibrium and to what extent their compositions are affected by metamorphic reactions and alteration.
Olivine and amphibole are the only two minerals present in all samples from this study (Table 1) ; their compositions are illustrated in Fig. 5c (Fig. 5c) . The latter are mainly coarse peridotites from the LP and ULT sites with low modal amphibole (<10% vs 9-31%, Table 1 ). The amphiboles show an overall negative correlation of Mg# with Al 2 O 3 and Cr 2 O 3 , but it is the U samples that are outliers in these plots (Fig. 5d-f) owing to a narrow range of Al 2 O 3 and broad variations of Mg# Amph and Cr 2 O 3 . In contrast, the amphiboles in all the samples show good positive Na-Ti correlations and negative Ca-Na correlations ( Fig. 5g and h) . Further, the contents of Al 2 O 3 , Na 2 O and TiO 2 in the LP amphiboles tend to be lower than at other sites, in particular compared with the U suite; the latter site defines Al-Cr-Na-Ti trends that may not be consistent with those for the other sites ( Fig. 5d-h ).
Trace element compositions
Trace element compositions of the UNZ peridotites are listed in Table 4 . Representative LA-ICP-MS analyses of garnet, amphibole and cpx are listed in Table 5 . All trace element analyses from this study are given in the Supplementary Data Appendix.
Trace element patterns for the bulk-rocks normalized to primitive mantle (PM) are shown in Fig. 6 . Their REE contents and patterns (Fig. 6a-c) vary broadly, but all show enrichments in the light (LREE) relative to medium REE (MREE) and usually to the heavy REE (HREE), as first noted for the UNZ peridotites by Morten & Obata (1990) . The HREE patterns are nearly flat in the U series, but decline from Lu to Dy in the LP and LV series. Lu and Yb contents range from slightly below that of PM to as low as 0Á05-0Á07 times PM in the rocks with the lowest Al 2 O 3 . In general, the abundances of moderately incompatible elements, such as HREE and V, are positively correlated with bulk-rock Al 2 O 3 whereas those of compatible elements, such as Co and Ni, are negatively correlated with Al 2 O 3 (Fig. 7) . The abundances of highly incompatible elements, such as the LREE, show no correlation with Al 2 O 3 . Typical for the UNZ peridotites are negative anomalies of the high field strength elements (HFSE; Zr, Hf, Nb and Ta), prominent positive anomalies of Pb, Ba, Th and U, and high Zr/Hf and low Nb/Ta ratios (Fig. 6d-f) .
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THE NATURE OF THE LITHOSPHERIC MANTLE IN EASTERN ALPS
The petrological and chemical data for the UNZ peridotites characterize a section of mantle lithosphere tectonically emplaced in the crust $330 Myr ago (Tumiati et al., 2003) . These results are examined here to better constrain the structure, composition, origin and evolution of the continental mantle in the Eastern Alps. The discussion first compares the composition of the UNZ peridotites with those of other mantle peridotites in the Alps, then seeks to explore the conditions of their origin, primarily: (1) initial partial melting; (2) silica enrichment in the melting residues; (3) metasomatism in the mantle after partial melting; (4) modifications owing to metamorphism and the circulation of crustal fluids during tectonic exhumation.
UNZ peridotites in comparison with other peridotites in the Alps
This study, based on comprehensive geochemical sampling, has shown for the first time that the chemical compositions of the UNZ peridotites differ from those of other peridotite bodies in the Alps. Some of the largest and best studied are those in the Ivrea Zone. Out of three Ivrea Zone massifs studied by Hartmann & Wedepohl (1993) two (Balmuccia and Baldissero) are composed of fairly fertile lherzolites with high average Al 2 O 3 (3Á1-3Á2 wt %) and CaO (2Á7-3Á1 wt %), and low MgO (39-40 wt %) and Mg# (0Á893-0Á896), whereas the third one, Finero, is mainly harzburgitic and refractory (1Á23 wt % Al 2 O 3 , 1Á28 wt % CaO, 44Á2 wt % MgO and Mg# ¼ 0Á91). The average major oxide contents of the UNZ peridotites (2Á24 wt % Al 2 O 3 , 2Á09 wt % CaO, 41Á9 wt % MgO and Mg# ¼ 0Á901; Table 2 ) are distinct from those of all the three Ivrea Zone massifs; that is, they are less fertile than Balmuccia and Baldissero and less refractory than Finero. Lanzo, another Ivrea Zone massif, has a complex structure, diverse rock types from dunite to plagioclase lherzolite, and a broad range of compositions strongly affected by post-melting melt percolation and impregnation (e.g. Bodinier, 1988; Piccardo et al., 2007) . Importantly, the individual UNZ peridotites have a fairly limited composition range; for example, the suite contains neither very fertile, nor highly refractory rocks [e.g. the contents of Al 2 O 3 in $80% of the samples are within 1Á8-2Á8 wt % (Table 1 , Fig. 4a-e) ]. This means that these average values are not an artefact of averaging a heterogeneous data population, but are robust and correctly reflect the moderately refractory nature of the mantle source. Further, the fact that the UNZ peridotites and the Ivrea zone massifs define at least three distinct populations in terms of major oxide compositions suggests that the mantle beneath the Alps is heterogeneous. This is consistent with a provenance from a tectonically active, plate boundary setting in which Sc  220  220  162  141  82  102  124  104  284  65  52  69  59  38  45  38Á0  Ti  178  134  161  382  462  159  322  305  427  1693  2244  2035  350  2568  2555  1574  V  132  116  144  139  120  86  120  114  179  428  308  360  213  434  471  342  Co  43  42  47  41  44  48  50  40  60  34  34  34  34  38  35  18Á0  Ni  10  9  14  11  14  16  27  9  13  814  800  898  752  960  961  313  Cu  0Á4 Rb  0Á03  0Á01  0Á01  0Á02  0Á01  0Á01  0Á02  0Á03  0Á05  13  20  10  0  9  24  0Á04  Sr  0Á03  0Á04  0Á04  0Á06  0Á02  0Á04  0Á11  0Á10  0Á12  362  261  224  25  178  332  6Á76  Y 1 8 Á4 1 6 Á3 2 6 Á6 2 1 Á0 Tb  0Á18  0Á22  0Á57  0Á34  0Á35  0Á24  0Á39  0Á37  0Á82  0Á30  0Á18  0Á33  0Á04  0Á18  0Á24  0Á07  Dy  2Á22  1Á96  4Á46  3Á18  3Á20  1Á98  3Á52  2Á91  8Á37  1Á54  1Á17  2Á15  0Á47  1Á07  1Á16  0Á45  Ho  0Á73  0Á50  1Á01  0Á80  0Á75  0Á45  0Á77  0Á69  2Á37  0Á27  0Á23  0Á40  0Á12  0Á18  0Á18  0Á07  Er  2Á76  1Á72  3Á10  2Á50  2Á22  1Á30  2Á41  2Á20  8Á29  0Á60  0Á64  1Á06  0Á38  0Á42  0Á40  0Á10  Tm  0Á52  0Á36  0Á50  0Á40  0Á32  0Á18  0Á38  0Á33  1Á44  0Á09  0Á08  0Á14  0Á06  0Á06  0Á05  0Á02  Yb  4Á15  2Á83  4Á24  3Á04  2Á09  1Á08  2Á55  2Á48  11Á50  0Á62  0Á56  0Á80  0Á43  0Á41  0Á21  0Á17  Lu  0Á73  0Á45  0Á64  0Á41  0Á29  0Á17  0Á40  0Á38  1Á88  0Á07  0Á05  0Á10  0Á06  0Á05  0Á03  0Á01  Hf  0Á02  0Á04  0Á32  0Á48  0Á08  0Á10  0Á27  0Á17  0Á75  0Á56  0Á67  0Á75  0Á02  1Á00  0Á71  0Á23  Ta  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á01  0Á02  1Á38  0Á38  0Á33  0Á00  0Á37  0Á47  0Á01  Pb  0Á07  0Á06  0Á31  0Á04  0Á08  0Á07  0Á07  0Á02  0Á04  8Á30  27Á80  22Á37  0Á37  12Á00  27Á36  1Á97  Th  0Á04  0Á03  0Á00  0Á01  0Á02  0Á00 b.d.  0Á00  0Á01  1Á27  1Á77  1Á09  0Á12  0Á47  1Á12  0Á42  U  0 Á12  0Á09  0Á02  0Á13  0Á16  0Á10  0Á01  0Á02  0Á12  0Á43  1Á18  1Á06  0Á10  0Á58  1Á13  0Á20 Mineral compositions were averaged if they are similar (av., average) or presented individually (as 'a' and 'b') if distinct.
mantle domains of different origins, and hence composition, can be juxtaposed. Peridotites from the contact zones of small ultramafic pods and lenses in the Hochwart area reported by Tumiati et al. (2007) are variably affected by interactions with the host migmatites; their reported compositions may be artefacts of non-representative sampling of heterogeneous materials. They include, in particular, a contact serpentinized peridotite, dunites and harzburgites with very low Al 2 O 3 and CaO ( 0Á5 wt %), high P FeO ($10 wt %), and LOI up to 10 wt %. Both this study and earlier work show that such rocks cannot be a significant component of the UNZ ultramafic bodies.
Some peridotites from the Alps [e.g. chlorite harzburgites from Cima di Gagnone (Scambelluri et al., 2014) produced by subduction dehydration of serpentinized mantle] are not appropriate to constrain the compositions of their mantle source regions because of strong modifications during exhumation. Peridotites reported by Melcher et al. (2002) from 18 regions in the eastern Alps in Austria, unlike those in the UNZ, are mainly low in Al 2 O 3 (0Á5-2Á4 wt %).
The differences between the UNZ and Ivrea Zone peridotites are also evident from trace element data. Averages of 32 Balmuccia and Baldissero peridotites, as well as several Finero peridotites, show marked U1  U2  U3  U4  U8  U7  U6  U5  U9  U10  U11  U12  U13  U14  U15  U16   LP3  LP2  LP1  LP4  LP7  LP8   LP5  LP6   LV3  LV2   LV4  LV5   LP3  LP2  LP1  LP4  LP7  LP8   LP5  LP6   U1  U2  U3  U4  U8  U7  U6  U5  U9  U10  U11  U12  U13  U14  U15 depletions in LREE (Hartmann & Wedepohl, 1993) whereas none of the UNZ peridotites in this study is LREE-depleted (Fig. 6 ). Some Finero peridotites reported by Hartmann & Wedepohl (1993) are LREEenriched, but they do not show the U-or V-shaped REE patterns common in the LP and LV series in this study. Altogether, the UNZ peridotites appear to be much more metasomatized, with more common and greater LREE enrichments than the Ivrea Zone peridotites. However, whereas Finero is known for the presence of metasomatic veins and modal metasomatism (e.g. Zanetti et al., 1999) , the small outcrop size, strong tectonic reworking and metamorphism do not allow reliable assessment of the extent of modal veining and metasomatism in the source region of the UNZ peridotites.
The role and conditions of partial melting Inferences from major element compositions
Partial melting conditions of residual peridotites can be constrained using co-variation plots of major elements (e.g. Al, Fe and Mg), which are considered as relatively inert in post-melting processes, in comparison with melting experiments (Walter, 2003; Herzberg, 2004) . The plots of MgO, FeO and SiO 2 vs Al 2 O 3 for the UNZ peridotites in this study and those of Obata & Morten (1987) are compared with melting trends of fertile mantle at 0-7 GPa (Herzberg, 2004) in Fig. 4a-c . The experimental data show that the contents of Al 2 O 3 in the residues are proportional to melting degrees and little affected by pressure (Fig. 4a) , whereas those of FeO are pressuresensitive and can be used, in combination with Al 2 O 3 , to gauge the melting depth. Because FeO contents in residues can be increased by metasomatism, we disregard below four UNZ rocks from this study and three (out of nine) rocks from the study by Obata & Morten (1987) that have higher FeO than in the model fertile mantle and melt-extraction residues (Fig. 4b) . The Fe-Al relationships (Fig. 4b) suggest that the residual precursors of the UNZ rocks were formed by <25% of melt extraction, usually by 10-20% melting (assuming no late-stage Fe enrichment). The melting pressure was between 4 and 1 GPa in the case of equilibrium (fixed depth) melting or, alternatively, started at 2-4 GPa and ended close to the surface for the much more likely polybaric melting in upwelling asthenosphere. The latter scenario is similar to conditions commonly inferred for melting in the oceanic mantle (e.g. Herzberg et al., 2010) . It is also similar (Fig. 4a and b) to melting conditions inferred for fertile to moderately refractory peridotites from intra-plate continental mantle (e.g. Ionov & Hofmann, 2007) , but distinct from those for cratonic (e.g. Doucet et al., 2012; Herzberg & Rudnick, 2012) or subduction-zone peridotites (e.g. Ionov, 2010; Bé nard et al., 2017) .
Le Roux et al. (2007) argued that lherzolites in the Lherz massif (Pyrenees) formed by 'refertilization' of harzburgites by asthenospheric melts and speculated that most lherzolite massifs represent secondary (refertilized) rather than pristine (melting residues) mantle. An important argument in their study concerns trends on Cr-Al plots for Lherz harzburgites and lherzolites, apparently including samples with pyroxenite veins. Such Cr-Al trends are not seen on plots for the modally homogeneous UNZ mantle peridotites in this study (Fig. 4h) . We see no need to evoke processes other than melt extraction as the principal mechanism responsible for the formation of the UNZ peridotites, nor off-craton continental mantle in general, as discussed in detail by Ionov & Hofmann (2007) .
Trace element evidence
In general, the trace element compositions of all the UNZ peridotites in this study appear to have been affected by metasomatism, as they show enrichments in highly incompatible elements (Fig. 6 ). Yet the record of melt extraction appears to have been preserved for moderately incompatible elements such as V or HREE in the great majority of the samples because they display robust positive correlations with Al 2 O 3 , consistent with solid-melt partitioning of these elements (Fig. 7) . Most of the samples show a decrease in PM-normalized abundances from Lu to Tm or Er, whereas in several LP series rocks this decrease extends to Gd or even Nd (Fig. 6b) .
In Figure 9 the bulk-rock REE patterns are compared with the results of REE modelling for residues of melt extraction from fertile garnet and spinel peridotites using the method of Takazawa et al. (2000) . The modelling shows that no UNZ peridotite in this study formed by continuous melting in the presence of garnet, because in such a case the residues have much higher HREE (Fig. 9b) . In comparison, the modelling suggests that the HREE-MREE levels of the UNZ peridotites could be consistent with 20%, most probably 5-12%, of melt extraction in the absence of garnet (Fig. 9a) . However, it is not likely that the UNZ rocks formed by melting entirely in the spinel facies, for two reasons. First, the Al-Fe relations for some of them suggest that melting commenced at 3-4 GPa (Fig. 4a) ; that is, at pressures where garnet may be stable in fertile peridotites. Further, the melting degrees assuming no garnet in the U1  U2  U5  U8  U10  U10  U11  U12  U16  SAM5  SAM6  ULT3  ULT4   LP7  LP3  LP5  LP6   LP7  LP3  LP5 residues are lower than those inferred independently from the Al-Fe experimental grid (see Figs 4b and 9a) . A more realistic scenario for many, if not all, UNZ peridotites is that the melting started in the presence of garnet and continued in the spinel facies after its exhaustion, which increases melting degree estimates. It is hard to put quantitative constraints on the amount of modal garnet in the source, or on the melting degree at which the garnet was exhausted, for single samples. Yet the general conclusion on the presence of garnet during the initial stages of melt extraction appears to be justified based on the combination of major and trace element data for the bulk-rocks.
A corollary of such a scenario is that garnet, if present in these rocks, must be of post-melting origin, which is consistent with petrographic evidence on the late-stage development of garnet (e.g. Fig. 3b ). The transition from the garnet to spinel facies in the residues as melting advances, as well as the post-melting origin of garnet, is often invoked in studies of garnet-bearing peridotites in cratonic and off-craton settings (e.g. Ionov, 2004; Simon et al., 2007) . Another inference concerns the quality of sampling in this study. Because garnet concentrates HREE, peridotites containing garnetrich veins or patches of post-melting (magmatic or metamorphic) origin should have high HREE contents, inconsistent with trace element modelling for melting residues. No garnet-bearing rocks in this study show such enrichments (Fig. 9) , indicating that they host no late-stage veins.
Silica enrichments and other chemical links to subduction
Several UNZ peridotites (both coarse and fine) plot on the Al 2 O 3 vs SiO 2 diagram (Fig. 4c) above the experimental melting trends and thus are enriched in silica relative to normal residues of dry melting (and also show higher SiO 2 than off-craton peridotites from Mongolia with similar Al 2 O 3 contents, $1Á8-3Á2 wt %). Such enrichments are commonly attributed to either melting or metasomatism in water-rich, subductionrelated settings (Kelemen et al., 1992; Rudnick et al., 1994; Walter, 2003; Pearson & Wittig, 2008) . The silica enrichments in these UNZ peridotites do not appear to be related to Al 2 O 3 content, and hence melting degree. In this regard they resemble the subvertical fields defined in the same diagram by harzburgite xenoliths from Avacha in Kamchatka (Fig. 4c ) and other suprasubduction-zone harzburgites in the western Pacific (e.g. Ionov, 2010; Bé nard et al., 2017) , albeit at lower Al 2 O 3 . These relations can be considered as evidence for partial melting (or post-melting enrichment) at similar conditions, and thus may indicate that subduction-related settings were somehow involved in the origin of the UNZ peridotites. In contrast, a plumerelated origin for these rocks is unlikely because peridotite xenoliths from ocean islands show much more scatter on major oxide plots, but no systematic silica enrichment (Simon et al., 2008; Ionov, 2010) .
Another line of chemical evidence for the involvement of subduction processes is the low TiO 2 in the UNZ peridotites compared with common intra-plate continental xenoliths (Fig. 4e) . Further, the UNZ rocks show negative anomalies of other HFSE (Nb, Ta, Zr, Hf) as well as strong positive Pb anomalies, which are viewed as indices of enrichment in subduction-zone settings (e.g. McCulloch & Gamble, 1991; Ionov & Hofmann, 1995) .
The silica-enriched cratonic and subduction-zone harzburgites have high modal opx (relative to 'normal' refractory rocks with similar Al and Mg#; e.g. Boyd, 1989; Doucet et al., 2012 Fig. 9 . Primitive mantle-normalized REE abundances in incremental (1% step) non-modal partial melting residues in spinel (a) and garnet (b) lherzolites calculated using the model of Takazawa et al. (2000) . The initial REE abundances are those in the primitive mantle after McDonough & Sun (1995) . Initial modal compositions (%): (a) Cpx, 18Á5; Opx, 28; Ol, 51; Spl, 2Á5; (b) Gar, 9; Cpx, 13; Opx, 21; Ol, 57 . Also shown are REE patterns for bulk-rock UNZ peridotites: grey fields for the U and LV sampling sites (Fig. 6a and c) and individual patterns for the LP site, which has the most REE-depleted rocks (Fig. 6b) . Wholerock HREE to MREE patterns in none of the UNZ xenoliths can be produced by continued melting in the presence of garnet (b); some of them are not likely to be produced by partial melting in the spinel facies alone, because this would require much lower melting degrees than those inferred from major oxides (e.g. Fig. 4b ). Most probably the melting began in the garnet facies then proceeded mainly in the spinel facies (see text for discussion). Ubiquitous LREE enrichment requires post-melting metasomatism in the mantle (no Eu anomalies) or near the crust-mantle transition zone (minor Eu anomalies). many rocks is completely or partially replaced, mainly by amphibole (Figs 2 and 3 , Table 1 ). It is unlikely that the silica enrichments were introduced during amphibole formation or alteration, because the SiO 2 contents are not correlated with either modal amphibole or LOI values. Further, the contents of Na, a major chemical component of amphibole, in the UNZ peridotites are not higher than in unaltered and unmetasomatized xenoliths from Mongolia (Fig. 4f) , and are relatively low (<0Á15 wt % Na 2 O) in samples with greatest silica enrichments, thus suggesting near-isochemical conditions of alteration and metamorphism. It is not clear if the relatively high CaO (>2 wt %) in some UNZ rocks with $2Á5 wt % Al 2 O 3 (Fig. 4d) is linked to silica enrichment and caused by the same event.
The exact mechanism of silica enrichment in the UNZ rocks is hard to constrain further based on the petrological and geochemical data alone and remains elusive. The formation of the UNZ rocks entirely by partial melting in a subduction zone can be ruled out. First, their major oxide compositions are mainly consistent with dry melting in a mantle upwelling (see previous section). Second, data for peridotite xenoliths entrained in subduction-zone lavas show that such melting usually generates refractory harzburgites, whose compositions [for a review see Bé nard et al. (2017) ] are clearly distinct from those of the UNZ peridotites (Fig. 4c) . Recently, Bé nard et al. (2017) linked silica-rich subduction-zone harzburgites to hydrous melting of 'hybrid' peridotites enriched in opx (hence silica) in subduction zones prior to melting. We may speculate that the silicarich UNZ peridotites could have first been enriched in opx by subduction-related metasomatism, then experienced low-degree melting that would affect only the pyroxene-enriched rocks; however, such a scenario is based on an unlikely combination of events and cannot be tested using the available data. Finally, the silica enrichments are often attributed to metasomatism by silica-rich subduction-zone fluids, which would partly replace olivine in melting residues with opx (e.g. Ishimaru et al., 2007) . The latter alternative cannot be ruled out and appears to be consistent with selective enrichment in fluid-mobile trace elements in the UNZ rocks (but not Na); however, it cannot be tested using textural data because of widespread replacement of the opx by amphibole and chlorite in the UNZ peridotites.
Metamorphism and evolution of modal and mineral compositions
It has been inferred from previous field, petrographic and mineralogical studies that the modal and mineral compositions of the UNZ peridotites record a long history of evolving P-T conditions, fluid regime and syntectonic recrystallization (e.g. Obata & Morten, 1987; Nimis & Morten, 2000) . P-T equilibration conditions in mantle peridotites are usually assessed based on major element distribution between coexisting opx, cpx and garnet in experiments at appropriate P-T ranges [for a review see Nimis & Grü tter (2010) ]. In line with published data, the UNZ cpx in this study have high CaO (24-25 wt %) whereas the opx are low in CaO (0Á1-0Á24 wt %, mainly 0Á19-0Á23 wt %). These values correspond to a T range of $730-760 C from the Ca-opx method of Brey & Kö hler (1990) and assuming P ¼ 1Á5 GPa (pressure cannot be estimated reliably for spinel peridotites). Yet the geological meaning and accuracy of such T estimates are not clear; for example, they are below the T range of the method, may correspond to closure temperatures for diffusion (e.g. Tumiati et al., 2003) and ignore the fact that primary pyroxenes are replaced by amphibole and chlorite. Tracing P-T evolution of the rocks in this study requires detailed work and special methods, which are beyond the scope of this investigation and are not essential to the topic. We note from earlier work that the UNZ rocks may have evolved from high-T (!1200 C), moderate-P (<2 GPa), spinel-facies conditions to low-T ($850 C), high-P ($2Á0-2Á5 GPa), garnet-facies conditions as a result of tectonic events in a mantle-wedge overlying a downgoing continental slab (Nimis & Morten, 2000; Braga & Sapienza, 2007; Braga & Bargossi, 2014) .
A more relevant topic in this study is how the chemical compositions of minerals are related to the mineralogy and modal compositions of the UNZ rocks. The complexities of major oxide relations in amphibole and their links to olivine outlined in the Results section ( Fig.  5c-h ) may be due to a range factors (e.g. Tumiati et al., 2013) , such as differences in the degree and conditions of metasomatism at different sites, but also to kinetic diffusion effects and incomplete chemical equilibration during replacement of coarse pyroxenes by amphibole (Fig. 2b) . For instance, the better co-variations for NaCa than for Cr-Al in amphibole ( Fig. 5f and g ) may be due to higher diffusivity of the Na þ and Ca 2þ cations than for the three-valent Al and Cr (e.g. Chakraborty, 2006) , whereas the positive Na-Ti correlations are probably due to the coupled increase of both elements by metasomatism.
Another apparent consequence of kinetic diffusion effects and incomplete chemical equilibration during the growth of new minerals is the widespread trace element heterogeneity and/or zoning of garnets, in particular for REE and HFSE (Table 5 , Fig. 8e ). The HREE abundances in garnet are also affected by its modal abundance; for example, as earlier reported for peridotite xenoliths from central Asia (Ionov, 2004) . The garnet scavenges and concentrates the HREE in a rock owing to its very high inter-mineral partition coefficients, such that for a given bulk-rock HREE concentration the HREE concentrations in garnet are higher in rocks with low modal garnet than in rocks with high modal garnet. Similarly, the wider HREE concentration range in amphiboles compared with their host-rocks (see Figs 6a and 8a) is linked to the presence and modal abundance of garnet: the amphiboles from garnet-free rocks tend to have higher HREE than amphiboles from garnet-rich rocks.
Mantle versus crustal metasomatism
Different lines of evidence indicate that chemical enrichments have affected all the peridotites in this study, but unevenly for different sites and samples. The greatest variation range is shown by the LP peridotites; some of them have the lowest REE abundances among the UNZ rocks, whereas others have the highest LREE, Ba, U and Th (Fig. 6) . Evidence for metasomatism is also provided by some minor elements in amphibole; for example, Na-Ti co-variation (Fig. 5h) .
Some earlier work attributed the enrichments in UNZ peridotites to 'crustal' metasomatism (e.g. Rampone & Morten, 2001) or to a combination of 'mantle' (for coarse rocks) and 'crustal' (for fine-grained rocks) metasomatism (e.g. Morten & Obata, 1990) . To avoid confusion, we first examine the notions of 'mantle' vs 'crustal' metasomatism in relation to the complex tectonic history of the UNZ, notably subduction and exhumation, to provide clearer definitions of these terms. Metasomatism may be named either by the lithospheric level at which it takes place or by the source of the melts or fluids involved. In subduction zones, however, these distinctions may be ambiguous; for instance, for mantle wedge rocks affected by fluids expelled from the crustal portion of a slab. Further, slab-derived fluids may re-equilibrate with hanging-wall mantle before affecting the mantle above, and mantle fluids may mingle with those of crustal origin. These complexities must be taken into account to describe the provenance of metasomatism.
Arguably, the most potent distinction between mantle and crustal processes and sources is europium anomalies in REE patterns, which are absent in mantlederived peridotites or primary melts, but are typical of melts from crustal (feldspar-bearing) sources. Three out of 28 bulk-rock samples (LP-2, LP-4, LP-6) display very minor positive Eu anomalies (Fig. 6b) , but the amphibole in the same samples has no such anomalies (Fig.  8a) . By comparison, only two out 27 amphiboles in Fig.  8a (LP3 and LP5) show minor Eu anomalies, but these anomalies are not seen in the bulk-rock plots of the same samples (Fig. 6 ) and thus could be due to random analytical errors. In general, amphibole is the most abundant metasomatic mineral (Table 1 ) and the dominant host of incompatible lithophile elements in UNZ rocks (this work; Scambelluri et al., 2006 ), yet it shows no meaningful and consistent Eu anomalies in this study (Fig. 8a) . Similarly, earlier work (e.g. Rampone & Morten, 2001; Scambelluri et al., 2006; Sapienza et al., 2009) shows no significant and widespread Eu anomalies, either in bulk UNZ peridotites or in amphiboles. Garnet, which is texturally equilibrated with amphibole (Figs 2c and 3e) and hence formed concurrently with metasomatism (Scambelluri et al., 2006; Sapienza et al., 2009) , shows no Eu anomalies either (Fig. 8e) . Unusual minor 'anomalies' for Eu, but also other REE (e.g. Er, Gd), in both this (Fig. 8a and c) and earlier studies may be due to spurious analytical problems (e.g. oxide interference) for elements with relatively high detection limits in ICP-MS. Alternatively, they can be caused by minor, late-stage additions of crustal components (e.g. Sapienza et al., 2009 ).
To sum up, the REE data for bulk-rocks and minerals indicate that the enrichment in incompatible trace elements in the UNZ suite is caused by melts and/or fluids equilibrated with mantle rocks as they show no significant Eu anomalies. In this sense they are caused by 'mantle' metasomatism. The setting (depth) of the main stage of the metasomatism is well constrained by the concurrent formation of garnet and amphibole, supported by their textural and chemical (e.g. low HREE in amphibole coexisting with garnet) equilibrium. Nimis & Morten (2000) found that it took place at $850 C and 90 km [or at 60-90 km considering the stability of accessory dolomite (Braga & Sapienza, 2007) ], which clearly places this event in the mantle wedge, well below the crust. On the other hand, the major mantle metasomatic event might have been followed by minor additions of fluid-mobile elements (e.g. K, Sr, Li) during exhumation (Morten & Obata, 1990 ), yet our data show no systematic enrichments in K or Sr, but rather common negative anomalies, in bulk-rock UNZ (Fig. 6) .
The broad range of enrichments in incompatible elements in the bulk-rocks and amphibole can be attributed either to the entrapment of variable amounts of metasomatic melts or fluids by melting residues or to different stages of reaction of the latter with percolating melt at different distances from the melt source, with melt composition evolving as a result of chromatographic effects (e.g. Ionov et al., 2002; Piccardo et al., 2007) .
As shown above, the negative HFSE anomalies, together with positive Pb 6 U, Th and Ba anomalies, in the UNZ suite suggest links of the chemical enrichments to subduction-zone fluids (e.g. Manning, 2004; Bebout, 2007) . These features alone, which have also been reported from mantle xenoliths from plate margins (e.g. Kalfoun et al., 2002) , cannot be seen as robust indices of 'crustal' metasomatism, but should rather be attributed to crustal components added to mantle wedge from subducted slab (e.g. Scambelluri et al., 2006) . In summary, the main stages of the metasomatism in the UNZ took place in the mantle wedge, caused by melts and/or fluids containing recycled, slab-derived crustal components, but with their REE inventory variably equilibrated with mantle rocks. Its character evolved alongside the exhumation, driven first by hydrous melts to form garnet-amphibole, then by fluids ultimately to form chlorite-tremolite rocks (Marocchi et al., 2007) . Finally, minor, late-stage contributions to the metasomatism can be traced to crustal events during exhumation of the peridotite bodies (Marocchi et al., 2007) ; for example, in relation to migmatization of host gneisses (Langone et al., 2011) .
SUMMARY OF CONCLUSIONS
1. Detailed geochemical sampling has constrained the range of modal and major and trace element compositions of bulk-rocks and minerals in peridotites from the UNZ region in the Eastern Alps and their relations to microstructures, as well as mantle and crustal processes. 2. The major oxide range in the UNZ peridotites is fairly limited; they include neither very fertile nor highly refractory rocks and represent a moderately refractory suite. Their average composition is distinct from that of many western Alps massifs. 3. Major and trace element compositions of the UNZ peridotites indicate that their mantle protoliths were formed by $10-20% polybaric melting in upwelling asthenosphere that started at 2-4 GPa and ended close to the surface, possibly in an oceanic setting. The melting may have started in the presence of garnet, but mainly proceeded in the spinel stability field. 4. Some UNZ peridotites show enrichments in silica relative to experimental melting trends and intraplate, off-craton continental xenoliths. These enrichments are similar to those observed in suprasubduction-zone peridotites and may indicate that a subduction-related tectonic setting was involved in their origin and/or evolution, most probably via metasomatism. 5. The UNZ peridotites experienced modal and cryptic metasomatism mainly in the mantle wedge with a broad range of enrichments in incompatible trace elements by melts and fluids containing recycled crustal components with low HFSE and high LREE, Th, U, Ba and Pb. 6. Mineral trace element compositions (including grainto-grain HREE and HFSE variations in garnet) range broadly in relation to degrees and processes of metasomatism, as well as the presence and relative proportions of garnet, amphibole and pyroxenes.
